Introduction
Gemcitabine is the first line of treatment for patients with pancreatic cancer and is associated with median survivals of approximately 6 and 9 months for metastatic and locally advanced disease, respectively. Many clinical trials have been conducted in an effort to improve upon the efficacy of gemcitabine, yet very few have yielded clinically significant survival advantages (1) (2) . Furthermore, even these modest improvements have been accompanied by a substantial increase in toxicity. Thus, a great deal of attention has been focused on the development of molecularly targeted therapies, with the hope of producing improved outcome without increasing toxicity. One such approach has focused on the discovery of small molecule inhibitors targeted to DNA damage response machinery such as Chk1 (checkpoint kinase 1) (for review see (3) ). The goal in the development of these types of agents is that they could be used to selectively sensitize cancer cells containing defects in other cell cycle checkpoint proteins, such as p53, to DNA damaging agents (4) . Currently, several small molecule Chk1 inhibitors are being developed for clinical use (AZD7762, PF-00477736, LY2606368, and SCH900776) as sensitizers in combination with DNA damaging agents (such as gemcitabine, cisplatin, pemetrexed, and irinotecan) (4) (5) .
Chk1 is a central mediator of the cellular response to DNA damage. Activation of Chk1 by ATR in response to DNA damage or replication stress results in inhibition of Cdc25 phosphatases, cyclin-Cdk inhibition, and cell cycle arrest (for review see (6) ). Chk1 also regulates HRR (homologous recombination repair), as DNA damage-induced HRR is dependent on Chk1-mediated Rad51 phosphorylation (7) (8) . In addition, Chk1 functions to stabilize stalled replication forks, induce the mitotic spindle checkpoint (in the presence of mitotic spindle defects) (9) , and inhibit caspase-3-mediated apoptosis in response to genotoxic stress (10) . Previous work from our and other laboratories has shown that inhibition of Chk1 with AZD7762 sensitizes pancreatic cancer cells and xenografts to gemcitabine and radiation through mechanisms involving both inhibition of cell cycle arrest and inhibition of homologous recombination repair (4, (11) (12) .
Based on these known functions of Chk1, several possible pharmacodynamic responses would be predicted to be affected by Chk1 inhibition (Fig. 1) . We have reported that Chk1 inhibition results in both normal and premature mitotic entry in response to gemcitabine thus resulting in increased phosphorylated histone H3, a marker of mitosis (13) . Others have demonstrated that caspase-3 cleavage occurs in response to gemcitabine and Chk1 inhibition (5) . In addition, Chk1 inhibition in combination with gemcitabine results in increased DNA damage as evidenced by impairment of homologous recombination repair, ATM-mediated γH2AX induction, as well as Chk1 and Chk2 phosphorylation (11, 14) . In response to DNA damage, ATR phosphorylates Chk1 at two established sites, S345 and S317, thus prompting autophosphorylation at S296. We and others observed that pS345 Chk1 (phosphorylated S345 Chk1) is increased in response to Chk1 inhibition (11, (15) (16) and there are at least two potential mechanisms through which this may occur. The protein phosphatase, PP2A regulates dephosphorylation of Chk1 and has been reported to be, in part, dependent on Chk1 kinase activity (15) . Thus, Chk1 inhibitors could cause an accumulation of pS345 Chk1 as a consequence of PP2A inhibition, occurring secondary to the lack of Chk1 kinase activity. Another possible mechanism for the induction of pS345 Chk1 in response to Chk1 inhibition is through an increase in DNA damage that further amplifies ATR/ATM-mediated Chk1 phosphorylation (17) .
In order to maximize the potential clinical efficacy of Chk1 inhibitors, we sought to identify potential pharmacodynamic biomarkers as well as the optimum dosing schedule of gemcitabine and AZD7762. We found that a dosing schedule of gemcitabine followed by AZD7762 was optimal and produced significant gemcitabine-sensitization in both in vivo and in vitro pancreatic tumor models. We then went on to test a panel of potential biomarkers of gemcitabine and AZD7762 activities, and identified pS345 Chk1 as being most consistently increased in response to gemcitabine and AZD7762. We validated pS345 Chk1 as a pharmacodynamic biomarker of gemcitabine and AZD7762 in pancreatic tumor xenografts as well as in normal surrogate tissues. Finally, we determined the contributions of DNA damage and PP2A to the mechanisms of pS345 Chk1 induction in response to gemcitabine and Chk1 inhibition.
Materials and Methods

Cell culture and drug solutions
MiaPaCa-2 cells were obtained from American Type Culture Collection and grown in DMEM supplemented with 10% fetal bovine serum (Invitrogen) and 2 mmol/L L-glutamine (Sigma). Experiments were conducted on exponentially growing cells. Cells were tested for mycoplasma once every 3 months. Gemcitabine (Eli Lilly) was dissolved in PBS. AZD7762 was dissolved in DMSO or 11.3% 2-hydroxypropyl-β-cyclodextrin (Sigma), 0.9% sterile saline for in vitro or in vivo purposes, respectively. Okadaic acid (Sigma) was dissolved in DMSO. Clonogenic survival assays were conducted as previously described (18) (19) .
Flow cytometry
For γ-H2AX analysis, samples were processed as previously described (20) . Samples were analyzed on a FACScan flow cytometer (Becton Dickinsson) with FlowJo software (Tree Star).
Immunoblotting
Cell pellets or pulverized frozen tumors were lysed and immunoblotted as previously described (19) . Proteins were detected with pS345 Chk1, pS296 Chk1, pT68 Chk2, pY15 Cdk1, caspase-3, GAPDH (Cell Signaling), Chk2 (Millipore-in vitro; Cell Signaling-in vivo), Cdc25A (F-6, Santa Cruz-in vitro; Cell Signaling-in vivo) Chk1 (Santa Cruz-in vitro; Cell Signaling-in vivo), or pS10 histone H3 (Millipore) antibodies.
Immunohistochemistry
Harvested tumors or tissue sections were fixed in 10% neutral buffered formalin for 24 hours, then embedded in paraffin blocks and sectioned at 5 microns onto slides. Histopathology was conducted using Hematoxylin and Eosin staining and immunohistochemistry using pS345 Chk1 or pS139 H2AX antibodies (Cell Signaling), biotinylated rabbit secondary antibody, SA-HRP complex, and DAB chromogen kit (Ventana). Positive rodent control slides showed strong nuclear staining and negative control slides (Rabbit IgG) showed levels of non-specific staining, if any. Tumors were microscopically evaluated with a 20x objective to assess morphological changes and results were reported by a pathologist. Slide images were produced on an Olympus IX71 microscope with a 60x objective. H-score was determined by assigning a score of 0 -4, In vivo studies Animals were handled according to a protocol approved by the University of Michigan Committee for Use and Care of Animals. MiaPaCa-2 cells or patient derived pancreatic tumor cells (5x10 6 or 1x10 6 , respectively) were suspended in a 1 : 1 mixture of 10% FBS/RPMI : Matrigel (BD Biosciences) and injected subcutaneously into the flanks of athymic nude or Nodscid mice, respectively. Samples of human pancreatic adenocarcinomas were handled as described previously (21) . Treatment was initiated when the average tumor volume reached 100 mm 3 . For tumor growth delay studies, the tumor size was measured 2 times/week. Tumor volume (TV) was calculated according to the equation: TV = π/6 (ab 2 ), where a and b are the longer and shorter dimensions of the tumor, respectively (19) . Measurements were made until the tumor volume increased by approximately a factor of ten. For normal tissue studies, Balb/C or NCr athymic nude mice were utilized.
Combined drug effect analysis
To examine synergy between gemcitabine and AZD7762, survival was determined in response to a fixed ratio of variable concentrations of gemcitabine (50nM-500nM) and AZD7762 (20nM-400nM) and analyzed by the median effect analysis as described previously (22) (23) .
Statistical analyses
For in vivo tumor growth, tumor volume doubling was determined for each xenograft by identifying the earliest day on which it was at least twice as large as on the first day of treatment. A cubic smoothing spline (SMOOTH.SPLINE function in R) was used to obtain the exact time of doubling, and the Kaplan-Meier method was used to analyze the doubling times derived from the smoothed growth curves. Log rank test (PROC LIFETEST in SAS) was used for comparisons between any two treatment groups. A Student's t-test was used for other analyses.
Results
Several recent studies have demonstrated that Chk1 inhibitors sensitize solid tumors to gemcitabine-induced cytotoxicity (4-5, 8, 24) . Little has been done, however, to address the issue of optimal scheduling for chemosensitization. We therefore assessed the ability of AZD7762 to sensitize to gemcitabine in a panel of pancreatic cancer cell lines, under three different treatment schedules: AZD7762 during and after (1), 24 hours after (2), or preceding gemcitabine treatment (3) (Fig. 2A) . The presumption has been that checkpoint inhibitors should be most effective when given during the time at which cells are arresting at a particular checkpoint. In order to simplify the analysis, we used the maximum dose of AZD7762 which did not produce toxicity by itself (100 nM; Suppl. Fig. 1 ). We found at low, relatively non-toxic concentrations of gemcitabine that AZD7762 was most effective when present during and immediately following gemcitabine treatment (Schedule 1), producing 4.5 -6-fold sensitization to a previously nontoxic concentration of gemcitabine (50 nM) ( AZD7762 was a better chemosensitizer if given 24 hours after gemcitabine treatment (Schedule 2), when the cells were arrested in early S-phase (8) . Consistent with the hypothesis that checkpoint inhibition would be most effective when given during cell cycle checkpoint induction, treatment with AZD7762 before gemcitabine (Schedule 3) was the least effective of the schedules tested. Since the greatest extent of gemcitabine sensitization was seen in MiaPaCa-2 cells treated on Schedule 2, we utilized this schedule in our subsequent studies. In order to determine whether AZD7762 and gemcitabine were synergistically affecting cell survival on Schedule 2, we determined the combination indices by median effect analysis (22) (23) by using a fixed ratio of AZD7762 and gemcitabine (1:2.5) in MiaPaCa-2 cells. We found that the combination index was significantly less than 1 (P<0.05) at surviving fractions of 0.3 and below (Suppl. Fig. 2 ) indicating that AZD7762 in combination with gemcitabine produces synergistic cytotoxicity.
In order to determine potential biomarkers of AZD7762 activity in combination with gemcitabine, we evaluated the known targets of AZD7762 (Chk1 and Chk2), as well as several other potential biomarkers ( Fig. 1 ). In MiaPaCa-2 cells treated on Schedule 2, we found that phosphorylation of Chk1 at S345 was increased in response to gemcitabine or AZD7762 as single agents (Fig. 2C ) consistent with activation of the DNA damage response pathway. More importantly the combination of gemcitabine and AZD7762 led to a marked increase in pS345 Chk1. Similarly, the combination of gemcitabine and AZD7762 led to an increase in Chk2 phosphorylation (pT68 Chk2). As anticipated, the ability of Chk1 to undergo autophosphorylation (pS296 Chk1) was inhibited by AZD7762 both in the presence and absence of gemcitabine, indicating that Chk1 kinase activity was inhibited by AZD7762. Consistent with Chk1 activity being inhibited by AZD7762, Cdc25A degradation in response to gemcitabine was inhibited by AZD7762. Phosphorylated Cdk1 (pY15 Cdk1) was minimally affected under these treatment conditions. However, we did observe an increase in the mitotic marker, phosphorylated histone H3 (pS10 histone H3, t=30h), in response to gemcitabine plus AZD7762 relative to gemcitabine alone, indicating abrogation of gemcitabine-mediated cell cycle arrest by AZD7762. In addition, AZD7762 alone produced an increase in phosphorylated histone H3, indicating increased mitotic entry. Finally, since cleaved caspase-3 may be a marker of chemosensitization by Chk1 inhibitors (5), we investigated caspase-3 activation. We did not find that AZD7762 and/or gemcitabine affected caspase-3 activation under the conditions tested, although at later time points with higher concentrations of gemcitabine, we did observe caspase-3 cleavage (data not shown). Based on the magnitude of the effect of gemcitabine and AZD7762 on our panel of potential biomarkers, these data warranted further investigation of pS345 Chk1, pS296 Chk1, and pT68 Chk2.
We next tested pancreatic model systems for the in vivo efficacy of AZD7762 as a chemosensitizer. We treated mice bearing MiaPaCa-2-derived subcutaneous xenografts with gemcitabine and AZD7762. Both gemcitabine and AZD7762 demonstrated single agent activity against tumor growth, as evidenced by significant delays in the time to until tumor volume doubling relative to untreated tumors (∆ = 8 and 11 days, gemcitabine and AZD7762, respectively) (Figs. 3A, C, P<0.05). The combination of gemcitabine and AZD7762 was tolerable (Suppl. pancreatic tumor model derived from early-passage patient-derived tumors (designated Patient-J), gemcitabine or AZD7762 produced significant tumor growth inhibition evidenced by delays in the time required for tumor volume doubling relative to untreated controls (∆ = 21 and 10 days, respectively) (Figs. 3B-C, P<0.05). The combination of gemcitabine with AZD7762 further delayed tumor growth beyond that induced by gemcitabine or AZD7762 alone (∆ = 20 and 31 days, respectively, P<0.05), which appeared to be a greater than additive effect.
In order to assess potential biomarkers of AZD7762 and gemcitabine activity, we treated mice with gemcitabine and AZD7762, and then monitored pS345 Chk1, pS296 Chk1, pT68 Chk2, and γH2AX, as potential response markers. Consistent with our in vitro observations, we found S345 Chk1 phosphorylation to be increased in response to gemcitabine but to be markedly increased in response to gemcitabine and AZD7762 in MiaPaCa-2 tumors (Fig. 4A, Suppl. Fig.  3) . Similarly, the combination of gemcitabine plus AZD7762 increased pS345 Chk1 in Patient-Jderived tumors, however gemcitabine alone produced an equivalent effect on pS345 Chk1 (Fig.  4B, Suppl. Fig. 4 ). Chk1 autophosphorylation (pS296) was inhibited in MiaPaCa-2 and Patient-J tumors following AZD7762 treatment. In contrast to our in vitro observations, pT68 Chk2 was not affected by gemcitabine and/or AZD7762 under these treatment conditions. Consistent with results obtained by immunoblotting, immunohistochemical detection of pS345 Chk1 revealed increased nuclear staining in response to gemcitabine plus AZD7762, with more subtle effects in response to the single agents (Figs. 4C-D , Suppl. Table 2 ). pS296 Chk1 immunohistochemistry produced high background staining and results inconsistent with immunoblotting (data not shown) which precluded further investigation of S296 Chk1. In addition, we found γH2AX staining to be increased in the MiaPaCa-2 tumors only in response to gemcitabine plus AZD7762, while γH2AX was increased similarly in response to gemcitabine and AZD7762, either alone or in combination, in Patient-J xenografts (Suppl. Table 2 ). Taken together these data demonstrate that AZD7762 sensitizes pancreatic tumor xenografts to gemcitabine, a result most consistently marked by an increase pS345 Chk1.
In order to demonstrate target pathway inhibition with AZD7762, we sought to further develop pS345 Chk1 as a pharmacodynamic biomarker for use in future clinical trials. Since obtaining paired pre-and post-treatment biopsies of pancreatic tumors is not usually feasible in patients, we set out to identify an easily attainable normal tissue which might be used as a surrogate for tumor pS345 Chk1 in response to gemcitabine and AZD7762. Thus we treated mice with gemcitabine and AZD7762 and prepared biopsy specimens of hair follicles as well as colon. We found in both hair follicles (Fig. 5A, C) and colon (Fig. 5B ) that pS345 Chk1 immunostaining was increased in response to the combination of gemcitabine plus AZD7762, with little to no staining observed in response to gemcitabine or AZD7762 as single agents . Furthermore, the induction of pS345 Chk1 in hair follicles was dependent on gemcitabine and AZD7762 dose. This is in contrast to the pS345 Chk1 staining observed in matched tumor samples which occurred over a range of doses of gemcitabine and AZD7762, as well as in response to gemcitabine alone (Suppl. Fig. 5 ). These data demonstrate that pS345 Chk1 induction by gemcitabine and AZD7762 can be detected in normal tissues and suggest that pS345 Chk1 in hair follicles is a reliable surrogate for pS345 Chk1 in tumors.
Research. 
In order to better characterize pS345 Chk1 induction in response to gemcitabine and Chk1 inhibition and thus improve its usefulness as a pharmacodynamic biomarker, we investigated the mechanisms contributing to pS345 Chk1 accumulation. There are at least two possible mechanisms by which this may occur. Chk1 inhibition has been shown to inhibit HRR and cell cycle checkpoints, thus leading to increased DNA damage which could form a feedback loop with ATR/ATM, resulting in further ATR/ATM-mediated phosphorylation of Chk1 at S345 (Fig.  1) (11, 14, 16 ). Alternatively, Chk1 inhibition has been shown to result in inhibition of the Chk1 phosphatase, PP2A, thus leading to an accumulation of pS345 Chk1 (15) . In order to distinguish between these two possible mechanisms we treated MiaPaCa-2 cells with okadaic acid, an inhibitor of the PPP family of protein phosphatases including PP2A. We hypothesized that if the increase in pS345 Chk1 in response to AZD7762 were mediated by PP2A, then, in the presence of okadaic acid, AZD7762 would produce no additional effect on pS345 Chk1. Conversely, if the increase in pS345 Chk1 were mediated by increased DNA damage, then, AZD7762 would still increase pS345 Chk1, even in the presence of okadaic acid. We found that baseline pS345 Chk1 was increased in response to okadaic acid ( Fig. 6A-B ). More interestingly, in the presence of okadaic acid, AZD7762 significantly increased pS345 Chk1 (OA vs. 7762 OA). In addition, in the presence of okadaic acid and gemcitabine, AZD7762 produced a small, but reproducible increase in pS345 Chk1 (Gem OA vs. Gem 7762 OA). Although AZD7762 did increase pS345 Chk1 in the presence of okadaic acid, the magnitude of the effect was less than in the absence of okadaic acid. To further assess the potential role of DNA damage in AZD7762-mediated pS345 Chk1 induction, we analyzed γH2AX, a marker of DNA damage. We found that AZD7762 caused an increase in the percentage of γH2AX positive cells in the presence of okadaic acid, with or without gemcitabine (Fig. 6C) . Taken together, these data support the conclusion that, although the primary cause of the increase in pS345 Chk1 in response to AZD7762 with gemcitabine is increased in DNA damage, PP2A inhibition also contributes to the induction.
Discussion
In this study we demonstrated that AZD7762 sensitizes pancreatic cancer cells and tumors to gemcitabine in a schedule dependent manner, and this correlated directly with pS345 Chk1 induction. The optimal dosing schedules of AZD7762 and gemcitabine were those in which AZD7762 is given during and after (1) or after (2) gemcitabine exposure. We also found that gemcitabine treatment followed by AZD7762 inhibited tumor growth in in vivo pancreatic tumor xenografts. In addition, of the many potential biomarkers we evaluated, pS345 Chk1 was found to be the most robust and reliable biomarker of gemcitabine and AZD7762 activity. Together these data support the clinical investigation of AZD7762 with gemcitabine in pancreatic cancer under a dosing schedule in which gemcitabine is administered concurrent with or prior to AZD7762 and in conjunction with skin biopsies to measure pS345 Chk1 as a pharmacodynamic biomarker of AZD7762 and gemcitabine activity.
Our data demonstrates that S345 Chk1 phosphorylation is elevated in response to gemcitabine and AZD7762 in both tumor and normal tissues. While a response in a normal tissue surrogate does not necessarily equate to a response in a tumor, it is at minimum informative as to whether appropriate concentrations of drug were obtained to achieve target inhibition as well as a biological response. In our present and previously published studies we observed S345 Chk1 phosphorylation in tumor cells over a range of gemcitabine doses and time points (11) . In contrast, in normal tissues pS345 Chk1 appears to be a fairly rapid and short lived response that is sensitive to the gemcitabine and AZD7762 doses. These findings suggest that pS345 Chk1 is a much more robust response in tumor than in normal tissue, which is consistent with the selective toxicity against tumors observed in our animal model. The differences between the normal and tumor tissues (both p53 wild type and mutant) could be attributable to multiple other defects present in tumors (K-Ras, p53, and p16) which make them more susceptible to DNA damage by Chk1 inhibition and thus increased pS345 Chk1 (4, 25) . Taken together, these data imply that if we observe the induction of pS345 Chk1 in normal tissue, it would likely indicate that pS345 Chk1 is being induced in tumor tissue. In addition, it seems possible that anti-tumor effects could occur even in the absence of normal tissue induction of pS345 Chk1.
There are two potential mechanisms through which pS345 Chk1 may accumulate in response to Chk1 inhibition. Induction of S345 Chk1 phosphorylation in response to Chk1 inhibitors has been shown to be mediated by PP2A, independent of γH2AX induction (Fig. 1)(15) . Others have shown that induction of Chk1 phosphorylation and γH2AX in response to Chk1 inhibition is ATR-and ATM-dependent (16) (17) , suggesting that DNA damage also plays a role in pS345 Chk1 accumulation. Our previous data demonstrated that AZD7762 either alone or in combination with gemcitabine caused an increase in pS345 Chk1 which was accompanied by an increase in γH2AX (11). Thus, we sought to determine the contributions of PP2A and DNA damage to S345 Chk1 phosphorylation in our model system. Since we found that AZD7762 increased pS345 Chk1, even when PP2A was inhibited, an effect associated with induction of γH2AX, we conclude that DNA damage does contribute to pS345 Chk1 induction. However, because the magnitude of the effect of AZD7762 on pS345 Chk1 was greater in the absence of okadaic acid, it is likely that while PP2A inhibition by AZD7762 may also play a role in maintaining pS345 Chk1 levels. While these findings support the model that both PP2A, as well as increased DNA damage, contribute to pS345 Chk1 induction in response to Chk1 inhibition, in the present study it seems that DNA damage is the predominate mechanism of pS345 Chk1 induction. Furthermore, it is likely that the relative contributions of these two mechanisms to pS345 Chk1 accumulation vary in different cell types and under different conditions. Given the finding that pS345 Chk1 induction in response to Chk1 inhibition is mediated by DNA damage, it seems plausible that γH2AX would also be a biomarker of response to Chk1 inhibition. Certainly, γH2AX has been demonstrated to be a useful pharmacodynamic biomarker of DNA damage and is being used in a number of clinical trials (26) . However, in our present study, γH2AX did not demonstrate a clear a relationship with chemosensitization or the likely extent of DNA damage in tumor specimens. It is possible that γH2AX focus formation rather than immunohistochemical staining would have produced a more reliable biomarker of response to Chk1 inhibition. This however, would have required the use of fresh rather than fixed tissue specimens, thus limiting the feasibility for application in future clinical specimens.
Since AZD7762 is an inhibitor of both Chk1 and Chk2, it is possible that Chk2 inhibition may play a role in AZD7762-mediated chemosensitization. Several pieces of evidence however, suggest that sensitization is mediated by Chk1 inhibition. In our own studies and those of others, siRNA-mediated depletion of Chk1 but not Chk2 produced sensitization to gemcitabine as well as other DNA damaging agents (11, 13, 27 which are 100-fold more selective for Chk1 over Chk2, such as PD-321852 and PF-00477736, produced chemosensitization (5, 8) . On the other hand, there is emerging evidence supporting that Chk2 inhibition may play a role in chemosensitization (28) , and small molecule inhibitors selective for Chk2 are being developed for clinical use (6) . It will be important in future studies to evaluate the contributions of Chk1 and Chk2 inhibition by assessing the efficacy of selective Chk1 inhibitors.
Although Chk1 inhibitors have been developed with the goal that they could be used to selectively sensitize p53 mutant tumors to DNA damaging agents, reports of single agent activity are beginning to emerge (4, (29) (30) (31) . In the present study it is noteworthy that we observed single agent activity by AZD7762 with regard to several endpoints including pS345 Chk1, tumor growth, γH2AX, and pS10 histone H3. These observations are supported by our previously published studies demonstrating that AZD7762 alone induces γH2AX, results in more rapid cell cycle progression, inhibits HRR, and delays tumor growth (11) . The mechanism underlying this single agent activity is not known but it has been hypothesized that cancer cells which express oncogenes, harbor endogenous DNA damage, and contain defective checkpoint/repair pathways, require Chk1 activity for otherwise unperturbed cell proliferation (17) . A better understanding of the single agent activity of Chk1 inhibitors will be important in order to optimize their combination with cytotoxic agents and radiation.
The development of biomarkers, either genetic or pharmacodynamic, is essential to the clinical success of all new molecularly targeted therapies. Our finding that pS345 Chk1 is a pharmacodynamic biomarker of Chk1 inhibition, at least in part mediated by an increase in DNA damage, suggests that pS345 Chk1 could be a useful biomarker for many other novel molecularly targeted agents. Of particular interest, pS345 Chk1 should be investigated as a potential biomarker of response to small molecule inhibitors targeted to DNA damage response and repair pathways such as Chk1, Chk2, and PARP. It will be important in future studies to validate pS345 Chk1 as biomarker of response to other agents which exacerbate DNA damage. DNA damage. As a result of Chk1 inhibition, DNA damage accumulates which in turn amplifies ATM/ATR signaling leading to an increase in phosphorylation of H2AX, Chk1 (S345), and Chk2 (T68). In addition, the increase in pS345 Chk1 is also regulated, in part, by PP2A. Gray color indicates inhibited processes, bold indicates amplified signaling. Ser-OH 296
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